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Abstract A newly simplified microstructure model of metal foams was carried out for flow
boiling heat transfer in metal-foam filled tube. Fin analysis, heat transfer network and
superposition correlation were adopted to obtain the equivalent heat transfer coefficient for flow
boiling. Based on annular pattern, fluid can be divided into vapor region in the center of the tube
and liquid region near the wall. However, it was assumed that nucleate boiling performed only in
the liquid region. The analytical solution was verified by its good agreement with experimental
data. The parametric study on heat transfer coefficient and boiling mechanism were also carried
out.
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21. Introduction
Saturated nucleate flow boiling has been extensively investigated [1-3]. Rohsenw [1] used an
assumption of superposition to consider both nucleate and convective boiling effects on the flow
boiling heat transfer coefficient. Dengler and Addoms [2] evaluated the equation for the two-phase
heat transfer coefficient except for the nucleation. Later on, Chen [3] proposed a new correlation
covering both the region of forced convection and nucleate boiling, which was proved consistent
with experimental data by other researchers. However, for open-cell metal foams, flow boiling
mechanism in metal foams is different and complicated due to the complexity of solid matrix. The
open-cell metal foams have unique structures and high porosities (usually bigger than 85%), so the
results of the previous studies for the boiling heat transfer in porous media (usually the packed bed
of particles with relatively low porosities less than 45%) can not be applied mechanically to the
case for metal foams.
It is evident that the characteristics of the flow boiling heat transfer in metal foams are
strongly dependent on the metal foam structures. Mo [4] established an analytical model for
open-cell metal foams, containing two kinds of structures, called V-type and H-type, in order to
describe the microstructures of metal foams for simplification. The cylinder diameter and specific
surface area of metal foams obtained by them were consistent with previous studies. Furthermore,
good agreement for heat transfer coefficient was achieved between analytical results and
experimental data. However, in these two models the first-class boundary conditions were
presumed in which wall temperature was set constant. Krishnan [5,6] carried out a single unit cell
structure to simulate heat transfer in open-cell metal foams. The void was assumed to be spherical
whilst pores were located at the vertices. The total heat transfer coefficient by this model was
highly accordant with experimental data. Boomsma et al. [7] defined an innovative microstructure
of metal foams and then developed a special method for simulating flow and heat transfer in
open-cell metal foams. The pressure loss and velocity distribution in foam-filled channels were
investigated, which were 25% lower than those of experiment. However, these s models were
established only for single phase flow conditions, and flow boiling characteristics with metal
foams were not involved yet.
Murthy et al. [8] established a semi-analytical model of the bubble dynamics to predict heat
transfer performance of flow boiling on porous structured surfaces. The predicted heat flux by
them had 30% deviation compared with experimental results. Wang and Cheng [9] developed a
multiphase model in porous media in which the exact solutions were provided. However, in their
model only one-dimensional problem was considered. Zhao et al [10, 11] experimentally and
numerically investigated flow boiling heat transfer in metal-foam filled tubes based on wavy flow
and annular flow. Non-equilibrium effects were considered for establishing two phase equations.
The numerical results agreed well with experimental data. However, the governing equations were
only valid for single phase flow rather than multiphase flow situation. In addition, all of the
3studies by them neglected the microstructure of metal foams, which is quite important for boiling
heat transfer analysis.
In this paper, a newly simplified microstructure model of metal foams was carried out. Based
on the model, an exact analytical solution for flow boiling heat transfer in metal-foam filled tube
was carried out. The analytical solutions for heat transfer coefficient of flow boiling under annular
flow pattern were precisely formulated. The predicted results agreed well with previous
experimental results.
2. Simplified model for microstructure of metal foams
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Fig. 1 Simplified structure for metal foams
Fig. 2 3D schematic of the model for metal foams
Mo [4] developed a transport model based on the microstructure of metal foams, in which metal
foams was simplified to two kinds of regular struts, called V-type and H-type. The cylinder
diameter, specific surface area of metal foams and heat transfer coefficient had good agreement
4with previous studies. However, for the H-type strut, the angles and the lengths of two fins are not
equal to the distance of V-type fins, which contradicts with isotropic characteristic of metal foams.
Consequently, analytical model in Mo [4] needs to be improved. In this model, the H-type strut is
composed of two circular arcs with a quarter of circular constant radian, as shown in Fig. 1. It was
noted that the radius of the H-type strut arcs is the same with distance of two adjacent vertical fins.
The three dimensional schematic for the microstructure of metal foams was shown in Fig. 2. The
details of the V-type can be found in Mo [4].
Due to the distributions and sizes of microstructures, the numbers of V-strut and H-strut can
be easily obtained by using Eq. (1) and Eq. (2).
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For metal foams with fixed porosity and pore density, the fibre diameter of the solid matrix and
the surface area density of the metal foams can be calculated as follows:
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3. Heat transfer model for flow boiling
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Fig. 3 Physical schematic for flow boiling in metal-foam filled tube
Flow boiling with annular flow pattern is considered, and is depicted in Fig. 3. It can be seen that
the flow is divided into two regions, which are liquid layer near the heating wall and vapor zone
contained in the liquid-vapor interface. Superposition correlation by Chen [3] has been adopted in
this paper. It is assumed that nucleate boiling takes place in the liquid layer and equivalent flow
boiling existed at the interface. Thus,
intequiv nb erh h h  (6)
Heat transfer coefficient for nucleate boiling was formulated by Tong and Tang [13] as follows:
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For liquid phase, the pressure gradients is transferred as follows,
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With the intermediate variable B being used,
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the equivalent heat transfer coefficient equalh can be simplified as follows:
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Fig. 4 Heat transfer network for flow boiling in metal foams
The model for flow boiling in metal-foam filled tube is based on fin analysis, and heat
transfer mechanism is predicted by network of fluid and different types of simplified structures for
metal foams in terms of effects on heat transfer performance. The heat transfer network is shown
in Fig. 4. It indicates that convective heat transfer takes place between the flowing vapor and the
liquid-vapor interface, between V-type strut and H-type strut of metal foams, respectively, and this
affects the fraction and the thickness of liquid layer of two-phase flow in annular pattern. However,
the temperature at the liquid-vapor interface is fixed at the saturated value due to coexistence of
liquid phase and vapor phase. The heat transfer coefficient at the liquid-vapor interface for
metal-foam tube could be analysed through investigating heat transfer performance of the vapor
surrounded by annular liquid.
4. Analysis of interface heat transfer for flow boiling in metal foams
For the vertical cylinder, the simplified governing equation is shown in Eq. (13) as follows:
2
2
4 ( )
0c
f s
h T TT
y d 
     (13)
Excess temperature is defined as:
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7With 1m being introduced for simplicity consideration, the energy equation is obtained in Eq.
(16).
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Eq. (17) and Eq. (18) give relevant boundary conditions as follows:
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By solving Eq. (16), the excess temperature distribution is obtained, which is shown in Eq. (19).
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Dimensionless temperature is defined as:
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So the average temperature Is formulated in Eq. (21) and Eq. (22),
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According to the heat transfer network and the microstructure model for metal foams, the
convective heat transfer coefficients between vapor and V-strut, between H-strut of metal foams
and liquid vapor interface can be easily obtained, and they are shown in Eq. (23) –Eq. (25),
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 denotes the ratio of bare wall surface area to the total wall surface area, and is given by Eq.
(26).
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From the Energy Conservation Law, the following equation can be obtained.
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By substituting Eq. (1) and Eq. (2) into Eq. (27), Eq. (28) is obtained.
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The variable l is defined as follows:
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The temperature of the vapor phase was solved as follows:
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Therefore, the temperature at the liquid-vapor interface is obtained, which is shown in Eq. (32)
and Eq. (33).
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9For vapour phase, convective heat flux is calculated in Eq. (34) and Eq. (35).
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In this way, the temperature difference between the interface and the averaged vapor phase is
obtained in Eq. (36) as follows:
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The heat transfer coefficient at the liquid-vapor interface is also formulated, which is shown in Eq.
(37) and Eq. (38),
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Here 1h , 2h and wh represent heat transfer coefficients on vertical strut, horizontal strut and
bare wall respectively [4], and the details are listed in Table 1 and Table 2.
Table 1 Correlations of convective heat transfer coefficients across single cylinder
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Table 2 The values of the constants shown in Nusselt number correlations
10
,maxdRe 1C m
0.4-4 0.989 0.330
4-40 0.911 0.385
40-4000 0.683 0.466
4000-40000 0.193 0.618
40000-400000 0.027 0.805
5. Results and discussions
The model has been verified by comparison with previous investigations on flow boiling in metal
foams filled tube, as shown from Fig. 5 to Fig. 7. In Fig. 5 that the equivalent boiling heat transfer
coefficients under different mass flow rates agree mainly with the experimental results by Zhao et
al. [10]. The analytical results are a little higher than the experimental data with a maximum
deviation of 25%. However, for fixed fibre diameter of metal foams, the results predicted by the
model agree well with the experimental data, and this is shown in Fig. 6. The case for the high
density heat flux is also investigated for comparison, which is shown in Fig. 7.
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
4000
6000
8000
10000
106Kg/m
2
s 3.5bar R134a Annular flow pattern
h
(W
/m
2 K
)
Vapor quality
Analytical Model
Zhao et al. [10]
40 PPI 90% Porosity 19KW/m
2
(a)
11
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
0
2000
4000
6000
8000
10000
Analytical Model
Zhao et al. [10]
h
(W
/m
2 K
)
Vapor quality
80Kg/m2s 3.5bar R134a Annular flow pattern
40 PPI 90% Porosity 19KW/m2
Fig. 5 Validation of the model under different mass flow rate
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
2000
3000
4000
5000
6000
7000
8000
h
(W
/m
2 K
)
Vapor quality
Analytical model
Zhao et al. [10]
106Kg/m2s 3.5bar R134a Annular flow pattern
20 PPI 1.4m fibre diameter 19KW/m2
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Fig. 7 Comparison of heat transfer coefficients for high heat flux
 denotes the ratio of nucleate boiling to the whole heat transfer coefficient, given by Eq.
(34).
NB
equiv
h
h
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The distribution of  is shown in Fig. 8. It was obvious that the ratio decreases with vapor
quality increasing for refrigerant R134a in the annular flow pattern. It can be attributed to the
reduction of liquid layer thickness nearby the heated wall. It also indicates that proportion of
nucleate boiling reaches the minimum value when vapor quality equals 0.7.
Fig. 9 is the effect of heat flux at the wall on the ratio of nucleate boiling. It is seen that the
ratio goes up with the increase of heat flux. The average value of the ratio is larger than 0.5, which
indicates the dominant role of the nucleate boiling.
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Fig. 8 Composition of heat transfer for flow boiling
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Fig. 9 Effect of heat flux on nucleate boiling
The effect of microstructure of metal foams on heat transfer is analysed in Fig. 10. From the
analysis above, convective boiling heat transfer is influenced by the fibre diameter and pore
diameter of the metal matrix. Fig. 10 shows that heat transfer of equivalent convective boiling and
forced convection is enhanced with the increase of 2/f pd d . In addition, the differences of the
heat transfer coefficients between these two cases in Fig. 10 become smaller when 2/f pd d
increases, indicating that forced convection plays more dominant role with increasing 2/f pd d .
Saturated pressure of refrigerant R134a is also investigated due to its influence on property of
liquid phase and vapor phase, and it is shown by Fig. 11 that the influence of saturated pressure is
limited under annular flow pattern for refrigerant R134a.
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6. Conclusions
A newly simplified microstructure model of metal foams has been developed, and the equivalent
heat transfer coefficient for flow boiling in metal-foam filled tube is analytically studied based on
the microstructure model and fin analysis method. It is found that the fibre diameter, surface area
density of metal foams and heat transfer coefficient predicted by analytical approach show quite
good agreement with experimental data by other researchers. The weight of nucleate boiling is
reduced with the increase of vapor quality and the decrease of the heat flux at the wall. The
equivalent heat transfer coefficients of flow boiling and forced convection can be increased with
increasing 2/f pd d , whilst the influence of saturated pressure is limited under annular flow
pattern for refrigerant R134a.
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